The yields of both ionic and neutral clusters sputtered from ion bombarded metal surfaces were determined as a function of the target temperature. For the case of secondary ions emitted from a polycrystalline silver surface under 12-keV Xe bombardment, a drastic yield enhancement is observed with increasing target temperature. The magnitude of this eect is dierent for atomic and cluster ions in such a way that the emission of larger cluster ions is favored at higher temperature. In order to elucidate the physical reason for this behavior, a second set of experiments was performed in which the yields of sputtered neutral clusters and secondary cluster ions have been determined in situ under otherwise identical experimental conditions, the neutral species being post-ionized using pulsed laser photoionization. It is seen that the yields of sputtered neutrals are essentially independent of the target temperature. The yield enhancement observed for the secondary ions must therefore be due to a temperature dependence of the ionization probability characterizing the secondary ion formation process. Possible causes for this ®nding are discussed. Ó
Introduction
It is well known that the¯ux of particles released from a solid surface under bombardment with energetic ions generally contains clusters as well as atomic species. The formation of these clusters during a sputtering event represents one of the fundamental questions in sputtering physics. In general, sputtering is believed to be a strongly non-thermal process dominated by relatively violent elastic collisions, which is only weakly inuenced by thermal excitations within the bombarded solid. Strongly averaging observables like the total sputtering yield of polycrystalline or amorphous surfaces have therefore revealed only weak dependencies on the target temperature [1] , provided the temperature remains signi®cantly below the melting point of the target. More subtle characteristics like the energy and angular distributions of atoms sputtered from single crystal surfaces, on the other hand, have shown to depend on the target temperature in a much more pronounced fashion [2, 3] . In view of these results, the question arises as to what extent the formation of www.elsevier.nl/locate/nimb clusters (and cluster ions) during sputtering is inuenced by the target temperature. In this work, we investigate the temperature dependence of secondary cluster-ion formation processes occurring at a clean silver surface under bombardment with rare gas ions. In order to distinguish between the collisional formation and emission of a sputtered cluster on one hand and its ionization on the other hand, it is essential to detect both the neutral and ionic species leaving the surface. For that purpose, the neutral species must be post-ionized, which in the present work is done by photoionization from a pulsed UV-laser.
Experimental
Part of the experiments were performed with a secondary ion mass spectrometer located at Tashkent (setup 1), which has been described in detail elsewhere [4] . In short, a double focusing arrangement consisting of a magnetic sector and an electrostatic prism is used to detect ionic clusters which are sputtered from a polycrystalline silver sample under bombardment with Xe ions impinging under 45°with respect to the surface normal. By changing the polarity of the ion optical potentials, both positive and negative cluster ions have been detected. The energy of the primary ions was 8.5 or 12.5 keV depending on the polarity of the detected secondary ions (Ag n or Ag À n , respectively). The primary ion current density was about 3 mA/cm 2 . The setup is mounted in an ultrahigh vacuum (UHV) chamber with a base pressure of about 10 À10 mbar. During the experiments, the working pressure rose to about 6.5´10
À7 mbar due to the operation of the Xenon ion source.
The second part of the experiments was performed with a laser post-ionization re¯ectron time-of-¯ight mass spectrometer located at the University of Essen (setup 2, base pressure 10 À9 mbar, working pressure 3´10 À9 mbar) which has also been previously described [5] . Also in this setup, a polycrystalline silver sample was bombarded under 45°incidence with Xe ions of 12.6 keV. The ion beam can be operated either in a focused or in a defocused mode corresponding to primary ion current densities of about 39 mA/cm 2 and 26 lA/cm 2 , respectively. During data acquisition, the primary ion source was operated in a pulsed mode with a pulse length of 10 ls at a repetition rate of 10 Hz. Mass spectra of secondary ions and neutrals sputtered from the surface were recorded by averaging over typically several 1000 instrument cycles, i.e., primary ion pulses and laser shots (neutrals). In order to reduce the eect of surface contamination due to residual gas adsorption during the acquisition of such a spectrum, a cw sputter cleaning cycle of 10 s was performed after every 500 shots. The procedures employed for the detection of secondary ions and neutrals with this instrument have been described in much detail elsewhere [6] . The excimer laser used for post-ionization was operated at k 193 nm with focal beam dimensions of about 1.2´2.2 mm 2 in the directions that were perpendicular and parallel to the surface, respectively. Note that in this particular experiment the photoionization eciency is not saturated, and the measured signals of postionized neutrals therefore strongly depend on the laser power density. In order to minimize the inuence of this dependence, the pulse energy of the laser was carefully monitored and kept constant within a few percent by means of a feedback loop.
Results and discussion
Figs. 1 and 2 show the signals of arbitrarily selected secondary cluster ions measured as a function of the target temperature under the bombardment conditions explained in Section 2. The data in Fig. 1 were obtained with setup 1, whereas those in Fig. 2 were measured with setup 2 using two dierent values of the primary ion current density (see Section 2) . In order to demonstrate the temperature dependent variation of the secondary ion yields, the data measured for a speci®c cluster size have been normalized to the respective signal obtained at the lowest temperature (150°C in setup 1 and room temperature in setup 2, respectively). First, it is seen that the signals tend to increase with increasing temperature, the eect being more pronounced for larger cluster sizes. We ®nd this qualitative trend for all cluster ions, but the magnitude of the eect is apparently larger for the negative ions. Comparison of the data presented in Fig. 2(a) and (b) reveals that the temperature-induced enhancement depends on the current density of the primary ion beam. More speci®cally, it is found that the enhancement is larger for lower current density. Note that the data in Fig. 1(b) correspond to a current density which is intermediate to those applied in Fig. 2 but closer to the high value of Fig. 2(b) . In view of the large dierence between the two experimental setups we therefore consider the results illustrated in Figs. 1(b) and 2(b) to show a reassuring agreement. Fig. 3 shows the relative yields (i.e., the cluster yields normalized to that of the monomer ions) of positive (a) and negative (b) cluster ions as a function of the cluster size for two values of the target temperature (note that the data referring to setup 2 were taken under high current density conditions). In order to compare the data taken with the two setups, it is important to note that setup 1 directly detects the¯ux of secondary ions leaving the surface, whereas setup 2 detects the number density of secondary ions within a volume located approximately 1 mm above the surface [6] . In order to convert to¯ux, the data obtained with setup 2 must therefore be corrected for the average inverse emission velocity hm À1 i of the sputtered particles. Previous measurements of the velocity distribution of silver clusters sputtered under bombardment with 5-keV Ar ions have revealed that hm À1 i varies with cluster size approximately as n 0X8 . We have therefore corrected the signals measured with setup 2 by dividing them by n 0X8 . It is seen in Fig. 3(a) that the resulting yield distribution measured at about 650°C shows acceptable agreement with that determined with setup 1.
The important observation made in Fig. 3 concerns the dierence between the cluster yield distributions measured for high and low temperature, respectively. From the presented data, it is apparent that the relative contribution of larger cluster ions becomes more abundant at higher temperature for both negative and positive ions. Note that for the positive ions this trend is reproduced in both setups and should therefore be regarded as independent of the particular experimental details. In principle, two possible causes may lead to an increased abundance of larger cluster ions from the heated surface, namely either (i) an enhanced formation probability or (ii) an increased ionization probability of larger sputtered species. In order to distinguish between these possibilities, it is necessary to compare the mass spectra measured for secondary cluster ions with those of the respective sputtered neutral species.
As explained above, we have detected the sputtered neutral clusters by post-ionizing them using an intense pulsed UV laser. The resulting temperature dependence of the corresponding signals of post-ionized sputtered neutral clusters is shown in Fig. 4 . Again, the measurements were performed for two dierent values of the primary ion current density. It is immediately seen that the yields of sputtered neutrals exhibit only a very small increase with increasing temperature with no significant dierence between the two bombarding conditions. Moreover, practically no dierence of the temperature dependent variation is observed for dierent cluster sizes and primary ion current densities. From our previous work, we know that the ionization probability of silver clusters sputtered from a clean silver surface under conditions comparable to those applied here is small (below 10% for all clusters). This means that the neutral yields closely re¯ect the partial sputtering yields of the clusters (regardless of their charge state). As a consequence, we conclude that the collisional mechanisms leading to the formation of a sputtered cluster do not depend on the temperature of the bombarded surface. The temperature eect observed in Figs. 1±3 must therefore be attributed to an enhanced ionization of larger clusters at elevated temperatures. In order to illustrate this, we plot the ratio between the signals of secondary ions and post-ionized neutrals as a function of the target temperature in Fig. 5 . Since the post-ionization eciency can be regarded as constant and, in particular, as independent of the surface temperature, the resulting values are proportional to the ionization probability a of the sputtered clusters. The data in Fig. 5 show that the values of a depend on the temperature. For larger clusters the ionization probability seems to increase with increasing temperature, whereas atomic and dimer ions exhibit a trend to remain constant or even decrease at elevated temperatures. Moreover, a pronounced dierence is found between the two bombarding conditions, the eect being much weaker for larger primary ion current density. The physical origin of the ionization probability variation with increasing target temperature cannot unambiguously be identi®ed at the present time. One possible explanation involves the residual gas contamination at the surface. It is known that already small amounts of electronegative species present at a metallic surface may lead to a drastic enhancement of the formation probability of positive ions [7] . If the residual gas pressure in the vacuum chamber rises with increasing temperature, one might therefore expect an increase of the measured ionization probabilities. Indeed, we ®nd a relatively strong increase of mass spectrometric signals detected, for instance, for oxygen containing mixed clusters like AgO 2 both in the secondary ion and the neutral spectrum above a temperature of 450°C, see Fig. 6(b) . However, we would intuitively expect the eect of an oxygen contamination to be largest for the monomers and dimers, since these species exhibit the lowest ionization probabilities (<10 À4 ) [5, 8] when emitted from the sputter-cleaned surface. Interestingly, however, we observe a decrease of the ionization probability for the monomers. A second possible cause of surface contamination is given by the temperature-induced segregation of impurities, which are present within the silver target itself. Indeed, inspection of the mass spectra shows a signal of indium which strongly increases with increasing temperature, see Fig. 6(a) . It is noticeable that for the higher bombarding ion current density a lower surface contamination is observed, a ®nding, which is reasonable due to the competition of segregation and sputter removal of the contaminant. The fact that the observed variation of the ionization probability is less pronounced at higher current density therefore seems to be consistent with the surface contamination picture. Due to the apparent lack of theoretical models describing the ionization mechanism of a sputtered cluster, however, it is not clear at the present time how either oxygen or indium coverage would in¯uence the ionization probability of sputtered silver atoms and clusters of dierent sizes.
